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We report 75As-NMR study on the Fe-pnictide high-Tc superconductor Y0.95La0.05FeAsO1−y
(Y0.95La0.051111) with Tc=50 K that includes no magnetic rare-earth elements. The measurement
of the nuclear-spin lattice-relaxation rate 75(1/T1) has revealed that the nodeless bulk superconduc-
tivity takes place at Tc=50 K while antiferromagnetic spin fluctuations develop moderately in the
normal state. These features are consistently described by the multiple fully-gapped s±-wave model
based on the Fermi-surface (FS) nesting. Incorporating the theory based on band calculations, we
propose that the reason that Tc=50 K in Y0.95La0.051111 is larger than Tc=28 K in La1111 is that
the FS multiplicity is maximized, and hence the FS nesting condition is better than that in La1111.
After the discovery of superconductivity (SC) in iron
(Fe)-based oxypnictide LaFeAsO1−xFx (hereafter de-
noted as La1111) with a SC transition temperature
Tc=26 K[1], Tc goes up over 50 K with the replace-
ment of La for other magnetic rare-earth elements in
Ln1111 (Ln=Sm,Nd etc.) [2–4]. Over the past four
years, extensive studies have been reported on various
Fe-based superconductors, pointing to the diversity of
SC characteristics and normal-state electronic proper-
ties. It is believed that this diversity is associated with
the multiband/multiorbital nature of the degenerate Fe-
3d states in the FePn(Pn=As,P) layer. In the lattice-
parameter points of view, Tc reaches a maximum of
55 K when a FeAs4 block forms in a nearly regular
tetrahedral structure in Ln1111 [5], where the height of
pnictogen(hPn) from the Fe plane and the a-axis length
are hPn ∼1.38A˚ [6] and a ∼3.9A˚ [4, 7, 8], respectively.
In order to address a possible mechanism for high-Tc SC
in Ln1111, it is desired to gain further insight into why
a structure of FeAs4 tetrahedron is relevant with the di-
versity of SC characteristics and normal-state electronic
properties. However, most Ln1111 are not extensively
investigated by various measurements of angle-resolved-
photoemission spectroscopy (ARPES), NMR, scanning
tunneling spectroscopy (STS), and so on. This is partly
because high-quality single crystals with a sufficiently
large size are not yet available. The presence of 4f -
electrons derived magnetic fluctuations in Ln1111 has
prevented us from characterizing SC and normal-state
properties by means of NMR measurements [9–11].
In this Letter, we report for the first time a 75As-NMR
study on a high-Tc=50 K-class of Fe-pnictide supercon-
ductor Y0.95La0.05FeAsO1−y (Y0.95La0.051111) that does
not involve any magnetic rare earth ions. We demon-
strate that antiferromagnetic spin fluctuations (AFSFs)
in Y0.95La0.051111 are more significant due to the bet-
ter Fermi-surface (FS) nesting condition than those in
La1111 with Tc=28 K, and as a result, Y0.95La0.051111
realizes the multiple fully gapped high-Tc s±-wave SC
with Tc=50 K.
A polycrystalline sample of Y0.95La0.05FeAsO1−y
(H0.15) was synthesized via a high-pressure synthesis
technique with an addition of a small amount of hy-
drogen as a sort of catalyst to stabilize homogeneous
samples [7, 8, 12]. The nominal oxygen content is
y=0.2 ∼0.25, but the actual oxygen content is slightly
smaller than the nominal one, owing to the oxidation of
starting rare-earth elements. The x-ray diffraction mea-
surement indicates that the sample is composed of almost
only a single phase with lattice parameters of a=3.863A˚
and c=8.337A˚, although a tiny amount of unreacted YAs
is identified. As shown in Fig. 1(a), the a-axis length is
compatible to that of Ln1111 with Tc ≥ 50 K [4, 7, 8].
Bulk SC with Tc=50 K for Y0.95La0.051111 was deter-
mined from an onset of SC diamagnetism in susceptibil-
ity (see Fig. 1(c)). A coarse powder sample was used for
the measurements of nuclear spin-lattice relaxation rate
75(1/T1) of
75As-NMR at the field µ0H ∼ 12 T perpen-
dicular to the c-axis. Note that the 75As-NMR spectrum
in Y0.95La0.051111 was discriminated from that of unre-
acted YAs.
Figure 1(d) and its inset show respective 75As-NMR
and NQR spectra for Y0.95La0.051111. The estimated
75As-NQR frequency 75νQ is 17.1 MHz, which is larger
than 75νQs of Ln1111[17]. The data of
75νQ for
YxLa1−x1111 and Ln1111 are on a linear relation along
with those for (Ae4M2O6)Fe2As2 (M42622)[13, 14], and
AFeAs(A=Li,Na) (A111)[15, 16], as drawn by the dashed
line in Fig. 1(b). Note that as the a-axis length decreases,
75νQ increases linearly. Since
75νQ in proportion to an
electric field gradient at As nuclear site is determined
by some charge distribution around the 75As nucleus in
the FeAs4 tetrahedron, the increase in hPn in associa-
tion with the reduction in a-axis increases 75νQ, yielding
a monotonous variation in the covalency of Fe-As bond
[5].
Figure 2(a) shows the T dependence of 751/T1T
(solid squares) normalized by the value at T=250 K
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FIG. 1: (color online) (a) Tcs vs a-axis length[4, 7, 8] and (b)
75As-NQR frequencies vs a-axis length for Y0.95La0.051111,
along with those for Ln1111 [17, 18], M42622[13, 14], and
A111[15, 16]. (c) SC diamagnetic susceptibility from which
Tc=50 K was uniquely determined. (d)
75As-NMR spectrum
at T=50 K. A sharp NMR spectrum denoted by ∗ comes from
a small amount of unreacted YAs sample, which is separately
discriminated. Inset:75As-NQR spectra of Y0.95La0.051111,
La1111(H)[La(H)](Tc=32 K)[18], and La1111(Tc=28 K)[17].
for Y0.95La0.051111 and other La-based compounds such
as Y0.2La0.81111 (Tc=34 K)[18], La1111(OPT) (Tc=28
K)[17, 19], and La1111(HOVD) (Tc=5 K)[20], along
with Ba0.6K0.4Fe2As2 (BaK122) (Tc=38 K)[19] and
(Ca4Al2O6)Fe2As2 (Al42622) (Tc=27 K)[14]. The in-
set of Fig. 2(a) presents a systematic T evolution in
751/T1T for a series of YxLa1−x1111 with x=0.95, 0.2,
and 0. In general, 1/T1T is described as 1/T1T ∝∑
q
|Aq |
2χ′′(q, ω0)/ω0, where Aq is a wave-vector (q)-
dependent hyperfine-coupling constant and χ(q, ω) a dy-
namical spin susceptibility. Note that 1/T1T is dom-
inated by the low-energy limit of χ′′(q, ω)/ω since an
NMR frequency (ω0) is as low as a radio frequency. In
YxLa1−x1111 compounds, a doping level of electrons into
FeAs layers is expected to be similar, because an oxygen
deficiency is nearly equivalent [18]. In most electron-
doped Fe-based SCs without magnetic rare-earth ions,
Knight shift that is proportional to χ(q = 0) exhibits
the slight decrease upon cooling[18, 21–24]. Hence, the
increase of 1/T1T can be attributed to the development of
low-lying AFSFs with finite q below 150 K, which is more
significant in going from x=0 to 0.95 in YxLa1−x1111, as
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FIG. 2: (color online) (a) T dependence of
(T1T )
−1/(T1T )
−1
T∼250K of
75As-NMR with (T1T )
−1
T∼250K
at T ∼250 K, (b) T1(Tc)/T1, and (c) T1T (Tc)/T1T as a func-
tion of T/Tc for Y0.95La0.051111 (solid squares), along with
the results for Y0.2La0.81111 (Tc=34 K)[18], La1111(OPT)
(Tc=28 K)[17, 19], Al42622 (Tc=27 K)[14], BaK122 (Tc=38
K) [19], La1111(HOVD) (Tc=5 K)[20], and Sr122(As,P)
(Tc=26 K)[29]. The solid lines for figures (b) and (c) are
simulations based on the multiple fully gapped s±-wave
model (see text).
displayed in the inset. It should be noted that as the
enhancement of low-lying AFSFs becomes visible upon
cooling, Tc increases from 28 K to 34 K and then to
50 K at x=0.0, 0.2, 0.95 in YxLa1−x1111, respectively.
As shown in the figure, however, this trend is not al-
ways valid when looking at the data for Al42622 (Tc=27
K)[14] and BaK122 (Tc=38 K) [19]. Namely, 1/T1T s for
both compounds markedly develop upon lowering tem-
3perature in association with the stronger enhancement
of AFSFs than that in Y0.95La0.051111, whereas Tc goes
down to 38 K and 27 K for BaK122 and Al42622, respec-
tively. Therefore, we remark that development of low-
lying AFSFs due to the FS nesting is not always a unique
factor for enhancing Tc, although an intimate correlation
between the development of AFSFs and the enhance-
ment of Tc is experimentally suggested in Fe-pnictides
compounds such as Ba(Fe1−xCox)2As2(Ba122(Co))[23],
BaFe2(As1−xPx)2(Ba122(AsP))[28], FeSe[24, 26], and F-
doped La1111[27].
In order to shed light on SC characteristics, T1(Tc)/T1
normalized at Tc is plotted against the normalized
temperature T/Tc in Fig. 2(b). The T1(Tc)/T1 for
Y0.95La0.051111 decreases steeply as ∼ T
4∼5 without
any trace of coherence peak just below Tc. As shown
in Fig. 2(c), 1/T1T also approaches zero at the low-
T limit without exhibiting a T -linear dependence down
to T ∼ 0.1Tc even under a large external field at 12
T. These results differ from the case for the nodal SC
state in AFe2(As1−xPx)2(A=Ba,Sr), which exhibits a
T1T=const. behavior in T < 0.4Tc, dominated by a
large residual density of states (DOS) induced in nodal
gaps under the large external field [28, 29]. The T1 result
reveals that Y0.95La0.051111 is a nodeless high-Tc super-
conductor with Tc=50 K.
Figure 3(a) presents plots of the power n in the for-
mula of 1/T1 ∼ T
n versus (T1T )
−1
Tc
/(T1T )
−1
RT for various
Fe-pnictide SCs. Here this formula is assumed in T range
of 0.5Tc < T < Tc (see Fig. 2(b)). (T1T )
−1
Tc
and (T1T )
−1
RT
are the values at T=Tc and room temperature, respec-
tively. (T1T )
−1
Tc
/(T1T )
−1
RT >1 means that AFSFs de-
velop upon cooling, whereas (T1T )
−1
Tc
/(T1T )
−1
RT <1 points
to the band structure effect near the Fermi level(see
Fig. 2(a)). This remarkable correlation points to the
fact that as AFSFs become more dominant in the nor-
mal state, the reduction rate in 1/T1 just below Tc, i.e.
n, increases from n ∼ 3 for La1111 (Tc=28 K) to n ∼ 7
for Al42622 (Tc=27 K)[14], and hence the suppression of
the coherence effect is more remarkable. These system-
atic evolutions of relaxation behaviors have allowed us
to apply the multiple fully gapped s±-wave model based
on the FS nesting to various Fe-pnictides. In previous
works, we have presented a simulation of the relaxation
behavior below Tc with a parameter αc of the coefficient
of the coherence factor within the framework of the mul-
tiple fully gapped s±-wave model [14, 20]. In this simu-
lation, αc = 1 is expected for sign-conserving intraband
scattering and αc = −1 for sign-nonconserving inter-
band scattering. In multiband systems, this value varies
in the range −1 ≤ αc ≤ 1, dependent on the weight
of their contribution in the nuclear relaxation process.
Actually, as shown by the solid lines in Fig. 2(b), the
previous experiments on Al42622[14], BaK122[19], and
La1111(HOVD)[20], were reproduced by reasonable pa-
rameters with αc ∼ −0.86, ∼0, and ∼ +0.33, respec-
FIG. 3: (color online) (a) n in the formula of 1/T1 ∼
Tn (SC state) is plotted against (T1T )
−1
Tc
/(T1T )
−1
RT (normal
state), along with the data for Ba1−xKx122 (x=0.58,0.68)[31],
Ba122(Co)(x=0.1[32],0.16[31]), Ba122(AsP)[28], Li111[15],
and FeSe[33]. Here, this formula is assumed in the T range
of 0.5Tc < T < Tc. (T1T )
−1
Tc
and (T1T )
−1
RT are the values at
T=Tc and room temperature, respectively. The plot means
that as antiferromagnetic spin fluctuations are more signifi-
cantly enhanced, the reduction rate in 1/T1 just below Tc is
more remarkable without the coherence peak. Illustrations of
Fermi surface topologies are suggested by the band calcula-
tions on (b) Al42622[34, 35], (c) Ln1111 with Tc higher than
50 K[36], (d) La1111(OPT)[36], and (e) La1111(HOVD).
tively. Here, it is valid to assume αc ∼ 0 for BaK122
since other parameters of SC-gap sizes and DOS are
consistent with those values deduced by ARPES[30].
The result of Y0.95La0.051111 was also reproduced by
taking parameters as 2∆L/kBTc = 6.9(∆S/∆L=0.35),
NFSL/(NFSL +NFSS)=0.67, smearing factor η = 0.05∆L,
and αc ∼0. Here, SC gaps are represented as ∆L(∆S) and
DOSs as NFSL(NFSS) for FS with larger(smaller) gaps.
Next, we deal with these SC and normal-state be-
haviors in terms of the evolution of the Fermi surface
(FS) nesting property based on band calculations re-
ported thus far. Figures 3(b-e) present the schematic
illustration of FS topologies, which are theoretically de-
rived on the basis of the five-orbital model for sev-
eral typical compounds, such as (b) Al42622[34, 35],
(c) La0.05Y0.951111[36], (d)La1111(OPT)[36], and (e)
La1111(HOVD). As illustrated in Figs. 3(d) and 3(e), one
of the hole FSs [Γ′(pi,pi)] sinks beneath the Fermi level
(EF) as hPn becomes shorter. Note that the FS nest-
ing condition of these FSs becomes significantly worse in
the heavily electron-doped La1111(HOVD) with Tc=5 K,
leading to the lack of AFSFs in the normal state, and as a
4result, Tc goes down and the coherence effect is not signif-
icantly depressed [See Fig. 3(e)][20]. By contrast, when
hPn=1.5 A˚ in Al42622 is longer than in other Fe pnic-
tides, the size of the hole FS around Γ′ is larger, while
one of two-hole FSs at Γ(0,0) disappears, as shown in
Fig. 3(b)[34]. In this case, since the FS nesting condition
is much better between hole FSs (Γ and Γ′) and electron
FSs (M [(0,±pi) and (±pi,0)]) than in other cases[34, 35],
AFSFs develop dramatically in such a manner that an-
tiferromagnetic order could seemingly set in around 20
K. Even though the FS nesting is optimized, Tc=27 K is
much lower than the highest Tc=55 K in Fe pnictides in
association with the decrease of the FS multiplicity for
Al42622, as argued below[35].
Most remarkably, an important ingredient is that
Ln1111 exhibiting Tc higher than 50 K is character-
ized by three hole FSs; two of them are at Γ and an-
other is at Γ′, and two electron FSs at M in the un-
folded FS regime, as presented in Fig. 3(c). When not-
ing that hPn ∼1.44 A˚ of Y0.95La0.051111[37] is longer
than hPn ∼1.35A˚ for La0.8Y0.21111(Tc=34 K) and
hPn ∼1.33A˚ in La1111(OPT) (Tc=28 K), the appearance
of Γ′ at EF causes the FS nesting condition to be better
for Y0.95La0.051111 than that for La1111(OPT), result-
ing in the enhancement of AFSFs for the former. In
this context, as the FS nesting condition becomes bet-
ter, AFSFs are visible, and hence Tc increases from 28
K in La1111, to 34 K in La0.8Y0.21111 up to 50 K in
Y0.95La0.051111. Usui et al. have pointed out that the
large FS multiplicity in Ln1111 in addition to the pres-
ence of AFSFs is an another crucial factor for enhancing
Tc based on the spin-fluctuation mediated SC mechanism
when the FeAs4 tetrahedron is close to a regular one re-
alized in Ln1111 [35]. In this context, the optimized
electronic state for the occurrence of SC in Fe-pnictides
is realized for the regular FeAs4 tetrahedron where mul-
tiorbital fluctuations may play some role in the onset of
SC[38], since spin and orbital degrees of freedom can be
intimately coupled with one another. However, it is un-
likely that multiorbital fluctuations become dominant to
mediate high-Tc SC in Y0.95La0.051111 because they pre-
fer an s++ wave SC [38]. Furthermore, we remark that
the overall T dependence of 1/T1 in both SC and nor-
mal states is qualitatively accounted for by the multiple
fully-gapped s±-wave SC model based on the FS nesting.
In conclusion, the 75As-NMR 1/T1 measurement has
revealed that Y0.95La0.051111 is the nodeless high-Tc su-
perconductor with Tc=50 K taking place under the mod-
erately enhanced AFSFs due to the FS nesting condition
better than in La1111 with Tc=28 K. We have demon-
strated that these results are accounted for by the multi-
ple fully-gapped s±-wave model based on the the FS nest-
ing [35]. We have proposed that the reason that Tc ∼50
K in Y0.95La0.051111 is larger than Tc=28 K in La1111
is that the FS multiplicity is maximized with the regu-
lar FeAs tetrahedron structure, and hence the FS nesting
condition is better than that of La1111, developing mod-
erately AFSFs. In the future, to address a mechanism
of high-Tc SC in Fe pnictides, it is desired to elucidate
the q and ω dependences of χ′′(q, ω) under the spin and
orbital degrees of freedom coupled with one another for
Ln1111 with Tc higher than 50 K.
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